The phosphorylation of amylopectin by the glucan, water dikinase (GWD; EC 2.7.9.4) is an essential step within starch metabolism. This is indicated by the starch excess phenotype of GWD-deficient plants, such as the sex1-3 mutant of Arabidopsis (Arabidopsis thaliana). To identify starch-related enzymes that rely on glucan-bound phosphate, we studied the binding of proteins extracted from Arabidopsis wild-type leaves to either phosphorylated or nonphosphorylated starch granules. Granules prepared from the sex1-3 mutant were prephosphorylated in vitro using recombinant potato (Solanum tuberosum) GWD. As a control, the unmodified, phosphate free granules were used. An as-yet uncharacterized protein was identified that preferentially binds to the phosphorylated starch. The C-terminal part of this protein exhibits similarity to that of GWD. The novel protein phosphorylates starch granules, but only following prephosphorylation with GWD. The enzyme transfers the b-P of ATP to the phosphoglucan, whereas the g-P is released as orthophosphate. Therefore, the novel protein is designated as phosphoglucan, water dikinase (PWD). Unlike GWD that phosphorylates preferentially the C6 position of the glucose units, PWD phosphorylates predominantly (or exclusively) the C3 position. Western-blot analysis of protoplast and chloroplast fractions from Arabidopsis leaves reveals a plastidic location of PWD. Binding of PWD to starch granules strongly increases during net starch breakdown. Transgenic Arabidopsis plants in which the expression of PWD was reduced by either RNAi or a T-DNA insertion exhibit a starch excess phenotype. Thus, in Arabidopsis leaves starch turnover requires a close collaboration of PWD and GWD.
Starch, as the predominant storage carbohydrate in plants, is a major constituent of human and animal diets, and it is also an important raw material for various industrial processes (Slattery et al., 2000) . Amylopectin, the major constituent of starch, contains varying amounts of covalently bound phosphate, depending upon plant species and organ. Phosphate is monoesterified to the C6 position (approximately two-thirds) and to the C3 position (approximately onethird). In addition, approximately 1% of the esterified phosphate may be linked to the C2 position (Tabata and Hizukuri, 1971) . The total phosphorylation level of starch is quite low. In cereal endosperm starch, the amounts of Glc-6-P and Glc-3-P residues are at or below the detection limit and even in potato (Solanum tuberosum) tuber starch that is regarded as highly phosphorylated only 0.2% to 0.5% of the Glc residues are phosphorylated (Tabata and Hizukuri, 1971; Blennow et al., 2002) . In Arabidopsis (Arabidopsis thaliana) leaf starch approximately 1 in 1,000 Glc residues is phosphorylated (Yu et al., 2001) . Phosphate monoesters in amylopectin strongly affect starch functionality, and high phosphate contents are desirable for many industrial applications (Slattery et al., 2000; Blennow et al., 2002) .
Phosphorylation of starch like polyglucans is catalyzed by the glucan, water dikinase (GWD, formerly designated as R1; EC 2.7.9.4; Ritte et al., 2002 ):
The catalytic mechanism includes autophosphorylation of the dikinase protein. The b-P of ATP is firstly transferred to a His residue of GWD and then to either the C6 or the C3 position of a glucosyl unit (Ritte et al., 2002; Mikkelsen et al., 2004) .
In GWD-deficient plants, not only starch phosphorylation but also starch breakdown is strongly impaired. In GWD antisense potato plants (Lorberth et al., 1998) as well as in the GWD-deficient starchexcess 1 (sex1) mutants of Arabidopsis (Yu et al., 2001) , leaf starch contents at the end of the day are 3 to 5 times higher than those of the respective wild-type plants. More recently, it was shown that transitory starch in Chlamydomonas and potato is mainly phosphorylated during degradation (Ritte et al., 2004) . This provides direct evidence for a link between the phosphorylation of starch and its degradation, but the underlying mechanisms remained obscure. It has been postulated that the activity of certain proteins that are involved in starch degradation depends on the pres-ence of phosphate esters within starch (Yu et al., 2001; Ritte et al., 2002) . However, until now, such enzymatic activities have never been documented. These proteins are expected to display a higher affinity to phosphorylated starch than to nonphosphorylated starch. This assumption provides a possible strategy for their identification.
Here we describe the discovery of a novel protein, which preferentially binds to phosphorylated starch. Its enzymatic function was investigated in vitro using purified protein and in vivo using transgenic plants.
RESULTS

Identification of a Novel Protein That Preferentially Binds to Phosphorylated Starch Granules in Vitro
To identify proteins whose activity depends on starch-bound phosphate esters, we compared binding of proteins to phosphorylated or nonphosphorylated starch granules. Phosphate free starch granules were isolated from leaves of the GWD-deficient Arabidopsis sex1-3 mutant (Yu et al., 2001) . Aliquots of the starch preparations were then in vitro phosphorylated using purified recombinant GWD from potato. Under the conditions applied, the phosphorylation levels range between 200 and 400 pmol P/mg starch. All the phosphate groups are located at the granule surface, since the recombinant GWD has no access to the granule interior. Phosphorylated and nonphosphorylated granules were then incubated with protein extracts from Arabidopsis wild-type leaves. Proteins bound to the granules were desorbed by a SDScontaining buffer and subsequently analyzed using SDS-PAGE and matrix-assisted laser-desorption ionization mass spectrometry (Fig. 1) . Three proteins did bind preferentially to the phosphorylated starch. These were GWD (SEX1; At1g10760), cytosolic phosphorylase (Pho2; At3g46970), and an as-yet uncharacterized protein, preliminarily designated as OK1 (At5g26570). In the following we focus on the latter. OK1 turned out to be one of the two putative proteins with homology to GWD, whose existence was predicted from the Arabidopsis sequence (Yu et al., 2001) . Database analysis using PlantGDB Blast (Dong et al., 2004) revealed the presence of putative OK1 orthologs in 14 different plant species including potato, tomato, barley, and rice.
Using primers designed for the At5g26570 gene, the full-length OK1 cDNA sequence was cloned. In the sequence thereby derived, 15 additional nucleotides (1,555-1,569) were found that were not present in the already existing corresponding National Center for Biotechnology Information (NCBI) entry (NM_122538). The OK1 cDNA sequence was submitted to EMBL (accession no. AJ635427).
OK1 and GWD amino acid sequences were compared using the BLAST 2 Sequences tool (Tatusova and Madden, 1999) . The C-terminal regions, ranging from amino acid 611 to 1,196 (OK1), and 860 to 1,398 (GWD), displayed 25% amino acid identity, and 41% sequence similarity. No similarity could be detected in the N-terminal regions. The overall amino acid identity, as analyzed with the AlignX program (Vector NTI, Invitrogen, Karlsruhe, Germany), is 14%, and sequence similarity is 24%.
Analysis of the OK1 sequence using TargetP (Emanuelsson et al., 2000) reveals a high probability for the existence of a signal peptide directing the protein to plastids (score 0.992). Three further domains could be detected ( Fig. 2A) . A starch binding domain (CBM 20 ) is located at the N-terminal region of OK1. The C terminus of OK1 displays homology to the nucleotide binding domains of the dikinases pyruvate, phosphate dikinase (PPDK; EC 2.7.9.1), phosphoenolpyruvate (PEP)-synthase (pyruvate, water dikinase; EC 2.7.9.2), and GWD (Marchler-Bauer et al., 2003) . A region with significant homology to the phosphohistidine domains of these dikinases is also present in the OK1 sequence (Fig. 2B ).
OK1 Is Localized in Plastids
The prediction of OK1 being a plastidic protein by the bioinformatic programs was further strengthened by western-blot analysis of extracts made from Arabidopsis leaf protoplasts and chloroplasts isolated from protoplasts. Equal amounts of protein were analyzed by SDS-PAGE and western blot using specific antibodies raised against ADP-Glc-pyrophosphorylase (AGPase, plastidic marker), PEP-carboxylase (cytosolic marker), and OK1. As shown in Figure 3 for both AGPase and OK1, an immunosignal was obtained in the chloroplast fraction, whereas there was hardly any signal in the protoplast fraction. In contrast, Figure 1 . In vitro binding of proteins to phosphorylated or nonphosphorylated starch granules. Protein extracts from ecotype Columbia leaves were incubated with either nonphosphorylated (2) or previously in vitro phosphorylated (3) starch granules from sex1-3 leaves. Granules were washed, and bound proteins were released with SDS sample buffer and separated by SDS-PAGE. 1, In vitro phosphorylated starch granules incubated without extract; M, molecular mass marker. Three proteins with higher affinity to phosphorylated starch are indicated (GWD, OK1, and Pho2).
the cytosolic marker PEP-carboxylase was exclusively detected in the protoplast fraction. Nonaqueous fractionation of Arabidopsis leaf material and subsequent western-blot analysis also indicates that OK1 resides in plastids (data not shown). Furthermore, OK1 is found in the Arabidopsis chloroplast protein database (http://www.pb.ipw.biol.ethz.ch/index.php?toc591; Kleffmann et al., 2004) , thereby providing another line of evidence for plastidic localization of this protein. Thus, the interaction of OK1 with phosphorylated starch may well be of physiological relevance.
OK1 Is a Phosphoglucan, Water Dikinase
A vector was constructed allowing the expression of OK1 containing a 63His tag at the N terminus in Escherichia coli and one step purification of the recombinant protein using a Ni-NTA agarose resin. The full-size OK1 protein is clearly predominant in the resulting protein fraction (Supplemental Fig. 1 ). Because of the similarity between OK1 and GWD, we tested whether or not OK1 also displays starch phosphorylating activity. As for the in vitro binding assay, nonphosphorylated or phosphorylated starch granules served as substrates. OK1 was indeed able to transfer 33 P from [bg-33 P]ATP to starch. Most remarkably, however, the activity strictly depended on a preceding phosphorylation of the granules by recombinant potato GWD (Fig. 4A) . We never observed OK1-catalyzed phosphorylation of the unmodified phosphate free sex1-3 starch (n 5 7). Similar to GWD, OK1 transfers the b-P of ATP to starch. There was no significant phosphate incorporation of labeled phosphate into the starch substrate if [g- 33 P]ATP served as phosphate donor (Fig. 4B) .
To study the fate of the g-P of ATP, we analyzed OK1-catalyzed incorporation of b-P into phosphorylated starch using [b-33 P]ATP as phosphate donor as well as a possible release of g-P-ortophosphate into the soluble phase using [g-33 P]ATP. For comparison, the same experiment was also conducted using recombinant potato GWD, for which we have shown before that water is the acceptor of the g-P (Ritte et al., 2002) . As shown in Table I , in both cases comparable amounts of phosphate were incorporated into starch or released as inorganic phosphate into the soluble phase, respectively. In both samples, the amount of g-P released exceeded that of b-P detected in the starch fraction by about 20% to 30%. However, it is possible that the amount of incorporated phosphate is underestimated due to some loss of starch granules during the extensive washing procedure.
We conclude that OK1 is a phosphoglucan, water dikinase (PWD) that transfers the b-P of ATP to a phosphoglucan and the g-P of ATP to water:
Therefore, we replace the preliminary term OK1 with PWD.
Under standard assay conditions (10 mg phosphorylated starch granules/mL, 25 mM ATP, 30 min), a linear correlation between PWD protein amount and phosphate incorporation into the substrate is only observed at low protein concentrations (,0.1 mg/mg starch; Supplemental Fig. 2A ). For 0.05 mg PWD/mg starch, we calculated an activity of 2.55 nmol min 21 . OK1 is located in chloroplasts. Equal amounts of protein extracted from Arabidopsis leaf protoplasts (P) and chloroplasts (C), respectively, were separated by SDS-PAGE and examined by immunoblot analysis using antibodies against OK1, AGPase (plastidic marker), and PEPCase (cytosolic marker).
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21 . This value is slightly underestimated because [bg-33 P]ATP was used that contains $80% of label in the b-position (Ritte et al., 2003) . The PWD activity is similar to the specific activity of potato GWD with soluble potato amylopectin (Ritte et al., 2002) and also to the activity of GWD with unmodified sex1-3 starch granules as substrate (data not shown).
For a more quantitative analysis, starch granules containing different amounts of phosphate esters (9, 49, and 215 pmol P/mg starch) were reacted with PWD (Supplemental Fig. 2B ). The granule preparation with the highest phosphate content was the most efficient phosphate acceptor. However, PWD activities with the different substrates varied about 6-fold, whereas the level of prephosphorylation varied about 24-fold. Thus, there is no linear relation between the phosphate content of a polyglucan and its capacity to serve as phosphate acceptor for PWD.
As observed with nonphosphorylated sex1-3 starch granules PWD was unable to phosphorylate solubilized sex1-3 starch (Supplemental Fig. 2C ). However, even solubilized sex1-3 starch that had been prephosphorylated by GWD proved to be an extremely poor substrate for PWD (Supplemental Fig. 2C ). The same holds true for soluble potato starch (Sigma S-2004) although it contains approximately 15 nmol P/mg starch (data not shown). Possibly, the structure of the starch granule or of the surface of the particle is also important for the PWD activity.
PWD Is Capable of Autophosphorylation
A phosphohistidine is an intermediate in the dikinase type reactions catalyzed by PPDK (Goss et al., 1980) , PEP-synthase (Narindrasorasak and Bridger, 1977) , and GWD (Ritte et al., 2002; Mikkelsen et al., 2004) . The b-P of ATP is firstly transferred to the His residue and then to pyruvate (in case of PPDK and PEP-synthase) or a glucan (in case of GWD). As mentioned above an amino acid stretch displaying homology to the phosphohistidine domains of these enzymes is also present in PWD. To study whether PWD follows a similar mechanism, we incubated the purified protein with either [bg- Thus, PWD phosphorylates itself with the b-P. The phosphorylation was heat labile, acid labile but rather stable in alkali (Fig. 5) . This is consistent with a phosphohistidine being formed, since phosphoserine, phosphotyrosine, and phosphothreonine are heat stable, acid stable, but alkali labile (Rosenberg, 1996) . The results strongly indicate that the b-P of ATP is firstly transferred to a His residue of PWD and afterward to the phosphoglucan.
PWD Phosphorylates Preferably the C3 Position of the Glucosyl Residues in Phosphoglucans
To analyze which positions of the Glc residues are phosphorylated by PWD, starch was prephosphory- lated by GWD (using unlabeled ATP) and then phosphorylated by PWD using 33 P-ATP. For comparison, an experiment in which starch was solely phosphorylated by GWD (using labeled ATP) was also performed. Following in vitro phosphorylation, Glc and Glc-Ps were released from starch by means of acid hydrolysis. To separate Glc-6-P and Glc-3-P, the samples were subjected to high performance anionexchange chromatography with pulsed amperometric detection (HPAEC-PAD). Since the extent of in vitro phosphorylation is too low to allow for reliable amperometric detection of the Glc-Ps thereby formed we added authentic Glc-6-P and Glc-3-P as standards. Fractions were collected and the radioactivity was counted.
In contrast to GWD, which phosphorylates preferably the C6-position, PWD phosphorylates predominantly the C3-position (Fig. 6 ). Approximately 70% of the radioactivity incorporated into starch by PWD coeluted with Glc-3-P in two independent experiments. It has to be considered that Glc-3-P is a rather acid labile compound. The investigation of starch bound phosphate esters by acid hydrolysis of granular starch and subsequent analysis of the products by HPAEC-PAD was adapted from Blennow et al. (1998) . They estimated that during 2 h of acid hydrolysis approximately 20% of the Glc-3-P is dephosphorylated. We found that 24% of the radioactivity in the starch hydrolysate was present as inorganic phosphate using the modified Parvin and Smith method (see ''Materials and Methods''). In contrast, if starch was hydrolyzed following in vitro phosphorylation with GWD less than 5% of the label were present as inorganic phosphate. When 32 P-orthophosphate was subjected to HPAEC-PAD approximately 20% of radioactivity coeluted with Glc-6-P the remaining 80% eluted in the fraction between Glc-6-P and Glc-3-P (data not shown). Thus, in the hydrolyzed PWD product the radioactivity eluting ahead of the Glc-3-P peak (Fig. 6 ) can, at least in part, be attributed to orthophosphate that is released from Glc-3-P during sample processing.
In Vitro Analysis of PWD Purified from Leaves Confirms the Results with the Heterologously Expressed Protein
Analysis of the recombinant PWD has revealed unique features of this enzyme. However, it has to be kept in mind that the recombinant PWD protein is not identical to PWD in plants. Since the length of the transit peptide is only predicted but not exactly known the complete coding sequence of PWD was used to generate the expression vector. Furthermore, the protein contains an N-terminal His tag and a single amino acid replacement (see ''Materials and Methods''). Therefore, we analyzed the plant-derived protein in addition to the recombinant PWD. The protein was partially purified by ammoniumsulfate precipitation and affinity chromatography using immobilized maltoheptaose (Supplemental Fig. 3A) . As has been shown for the recombinant protein, activity of PWD purified from leaves strictly depended on a preceding phosphorylation by GWD (Supplemental Fig. 3B ) and phosphorylation predominantly (or exclusively) occurs at the C3-position of the Glc residues (Supplemental Fig. 3C ).
Reduction of PWD in Transgenic Plants Causes a Starch Excess Phenotype
To investigate the in vivo function of PWD, an RNA interference (RNAi) construct was designed to repress the activity of this protein in Arabidopsis. Fifteen transgenic lines were analyzed by western blot, all of which proved to be strongly reduced in PWD protein (data not shown). Five of these lines were examined in more detail. As shown in Figure 7A the PWD protein amount in the RNAi lines 1 to 4 is below the limit of . PWD (OK1) phosphorylates preferentially the C-3 position of the Glc units. Recombinant PWD and GWD protein (first experiment: 25 mg PWD, 5 mg GWD; second experiment: 4.2 mg PWD, 0.7 mg GWD), respectively, were incubated with in vitro phosphorylated sex1-3 starch granules and [bg-33 P]ATP for 1 h. Starch granules were hydrolyzed. Aliquots of the hydrolyzates were supplemented with Glc-3-P and Glc-6-P as internal standards and subjected to HPAEC-PAD analysis (top section). Fractions were collected every minute (1 mL), except for Glc-3-P and Glc-6-P fractions, which were collected quantitatively in separate fractions. Radioactivity in the collected fractions was counted. The relative distribution of radiolabel was calculated as percentage of total radioactivity in all collected fractions (bottom section). GWD, White bars; PWD, black bars. Values are means of two independent experiments. detection using western-blot analysis. In line 5 PWD expression is reduced by at least 75%. The analysis of starch contents in these plants revealed a metabolic phenotype for PWD. At the end of the day, the PWDdeficient plants contained up to 2 times more starch than ecotype Columbia wild type (Fig. 7B) . Starch is nearly completely remobilized during night in wildtype but not in the transgenic plants. In the less inhibited RNAi-line 5, starch amounts are only slightly increased compared with wild-type plants. Thus, the extent of PWD inhibition correlates with the effect on starch content.
We also obtained an insertion mutant (SALK_110814) and selected a homozygous line for the At5g26570 gene. No PWD protein could be detected in the mutant (data not shown). As observed with the RNAi plants, the PWD knockout mutant (pwd) contains considerably more starch than wildtype plants throughout the day/night cycle ( Fig. 7C) . Starch turnover occurred in the PWD-deficient plants, but the rate of starch degradation in the pwd plants was lower than that of the wild-type plants (Fig. 7C) . This effect was also observed using an independent batch of plants grown under a 14-h-light period (data not shown).
The high starch phenotype resembles that of the GWD-deficient sex1 mutants. However, when grown under the same conditions the sex1 mutants accumulate more starch than the pwd plants. The lack of PWD had a minor effect on plant development, whereas the GWD knockout mutant sex1-3 is strongly retarded in growth when cultivated under a 12-h-light/12-h-dark regime (Supplemental Fig. 4) .
Starch-bound phosphates in wild-type and PWD RNAi plants (lines 1-5) were analyzed by HPAEC-PAD and quantification of the peak areas following acid hydrolysis of the starch granules. The Glc-6-P: Glc-3-P ratio increased from 2.1 in wild type to 2.5 in the transgenic plants (mean of lines 1-5), ranging from 2.2 in line 5 to 2.7 in line 1. This increase, however, was caused by slightly elevated Glc-6-P levels, whereas the Glc-3-P content was essentially unchanged (data not shown). The Glc-6-P:Glc-3-P ratio in starch of pwd plants was also increased compared with wild type (data not shown). It has to be considered that the Glc phosphate levels in starch hydrolyzates mainly reflect starch phosphorylation during biosynthesis and not the transient phosphorylation of the granule surface during breakdown (Ritte et al., 2004) .
PWD Binds to Leaf Starch Granules during Their Breakdown
To analyze whether binding of PWD to transitory starch is affected by the physiological state of the cell, granule-bound and soluble protein was extracted from leaves of wild-type plants that had been harvested either in the light or dark period. As revealed by western-blot analysis, binding of PWD to the surface of transitory starch granules strongly increases during starch mobilization in darkness (Fig. 8) . In contrast, the PWD level in the buffer soluble fraction was equal in the light and dark samples. Binding of GWD to transitory starch in Arabidopsis also significantly increases in darkness (Fig. 8 ), in agreement with earlier results using leaves of potato and pea, respectively (Ritte et al., 2000a) .
DISCUSSION
The factors and mechanisms leading to the degradation of the crystalline starch granule are largely unknown, but there is increasing evidence that phosphorylation of starch by GWD is involved (Zeeman et al., 2004) . In a first approach to unravel the link between the GWD-catalyzed phosphorylation of starch and the degradation of the polyglucans, we searched for proteins displaying enhanced affinity to phosphorylated starch compared with nonphosphorylated starch. We identified a novel protein (PWD) that preferentially binds to phosphorylated starch and is capable of glucan phosphorylation. The reaction catalyzed by PWD differs from that of GWD and, thus, represents a novel enzymatic activity. In contrast to GWD, phosphorylating activity of PWD was only observed using substrates that already contained glucanbound phosphate. In vitro phosphorylated sex1-3 granules were a suitable substrate for PWD, whereas we did not detect PWD-catalyzed phosphate incorporation into the unmodified phosphate free sex1-3 starch. Likewise, starch granules from wheat (Sigma S-5127) were not phosphorylated by PWD, but following prephosphorylation with GWD they can serve as substrate for PWD (data not shown).
Why is PWD active only on phosphorylated starch? It is reasonable to assume that PWD either phosphorylates glucan chains that were previously phosphorylated by GWD, or it phosphorylates unphosphorylated chains within a phosphorylated matrix. Analysis of the phosphorylated glucan chains following in vitro phosphorylation with 33 P-ATP shows that the latter predominates. Approximately 80% of the incorporated label was recovered in singly phosphorylated glucan chains; the remaining radioactivity was found in doubly phosphorylated chains. Probably phosphate incorporation by GWD locally alters the starch structure and thereby generates phosphorylation sites that can be used by PWD.
Whereas activity of PWD strictly depends on the presence of glucan bound phosphate binding of the protein to carbohydrates does not. PWD can bind to the unmodified sex1-3 granules, albeit with low efficiency. The protein also binds to immobilized maltoheptaose (S. Orzechowski, unpublished data), and we made use of this to enrich the protein from leaf extracts. These maltoheptaose beads were also not at all phosphorylated by the recombinant PWD (data not shown).
An important difference between PWD and GWD is the site of phosphate incorporation. GWD phosphorylates both the C3 and the C6 position, with a clear preference of the latter. In contrast, PWD phosphorylates preferably the C3 position (Fig. 6) . A low extent of C6-phosphorylation cannot be ruled out; the same holds true for C2-phosphorylation. It has been suggested by Tabata and Hizukuri (1971) that about 1% of the phosphate in potato tuber starch could be linked to the C2 position. Glc-2-P is far more acid labile than Glc-3-P (Tabata and Hizukuri, 1971; Kokesh et al., 1978) , and complete dephosphorylation during acid hydrolysis as applied here can be expected. Therefore, we cannot exclude that Glc-2-P residues may also be formed by PWD (or GWD as well). NMR analysis could provide further information whether or not C3 is the single phosphorylation site of PWD. However, due to the low level of PWD-catalyzed phosphate incorporation in vitro and the high background level of phosphate esters in the starch substrate, NMR-analysis of the PWD products is not practicable at present.
Starch is phosphorylated during its biosynthesis (Nielsen et al., 1994; Wischmann et al., 1999) but in addition also during its degradation (Ritte et al., 2004) . The amounts of Glc-6-P and Glc-3-P determined in hydrolyzed starch mainly reflect starch phosphorylation during starch synthesis (Ritte et al., 2004) . The absolute level of starch-bound Glc-3-P is not significantly altered in the PWD-deficient plants. This may indicate that the enzyme is not involved in biosynthesis associated phosphorylation. However, GWD can attach phosphate at both C3 and C6 positions of Glc residues in amylopectin, and may thus partly compensate for lacking PWD activity. The amount of GWD protein is unaltered in the PWD-deficient plants as revealed by western-blot analysis (data not shown), but it is possible that more glucan targets become available for GWD if PWD is lacking.
The increased phosphorylation of the granule surface during breakdown of starch in chloroplasts (Ritte et al., 2004) should favor activity of PWD during starch mobilization. In fact, binding of PWD to transitory starch granules is strongly increased during degradation of the starch particle (Fig. 8) . Phosphorylation during starch mobilization is restricted to the outermost layer of the granule, and the phosphate esters introduced during breakdown underlie a rapid turnover (Ritte et al., 2004) . Consequently, the reduction of C3-phosphorylation during the period of starch mobilization is not expected to noticeably affect the total Glc-3-P level of starch.
The starch excess phenotype observed in the PWDdeficient plants demonstrates that this enzyme plays an important metabolic role, and lack of PWDcatalyzed starch phosphorylation cannot be (fully) compensated for by other enzymes. Since the activity Figure 8 . PWD (OK1) binds to the surface of leaf starch granules during their degradation. Leaves of Arabidopsis wild-type plants were harvested 2 h before (L) and 2 h after the end of the light period (D). Soluble proteins and starch were extracted. Proteins bound to the surface of the starch granules were released by incubation in SDS-sample buffer at RT. Proteins released from 6.5 mg starch (bound) or 40 mg of soluble protein (soluble) were subjected to SDS-PAGE and immunoblot analysis using antibodies against PWD and GWD. The experiment was repeated with an independently grown batch of plants and yielded the same result.
of PWD depends on a preceding starch phosphorylation by GWD, the lack of GWD in mutant plants should also abolish starch phosphorylation by PWD. Consistently, no Glc-3-P residues could be detected in starch of the GWD-free Arabidopsis mutant sex1-3 (Yu et al., 2001) . The starch excess phenotype in the GWD-deficient plants is probably attributable to a combined reduction of GWD and PWD activity, which might explain the more severe phenotype compared with PWD mutants.
Further studies are required to explore the link between phosphorylation and degradation of starch. It has recently been reported that the in vitro degradation of granules isolated from turions of the duckweed by starch associated proteins (including a putative GWD ortholog) could be increased by addition of ATP, thereby enabling starch phosphorylation (Reimann et al., 2004) . We have obtained similar results using potato leaf starch. Furthermore, we know from in vitro studies that as-yet unidentified proteins exist in Arabidopsis that degrade starch more efficiently if it is phosphorylated (G. Ritte, unpublished data) . Future work will focus on the characterization of these proteins to evaluate their role in starch degradation in vivo.
We propose that the newly identified PWD acts downstream of GWD and is involved in starch breakdown in leaves. Based on molecular modeling it has been suggested that phosphate linked to the C6 position aligns with the surface of double helical motifs in amylopectin, whereas phosphate esterified to the C3-position protrudes from the double helical structure. Thus, double helix packing should be more affected by C3-phosphorylation (Blennow et al., 2002; Engelsen et al., 2003) . In addition to the GWDcatalyzed phosphate incorporation, phosphorylation of the C3 position by PWD could play an important role in rendering the starch granule accessible for degrading enzymes by disturbing the helix packing and increasing the hydrophilicity. 
MATERIALS AND METHODS
Plant Material and Growth Conditions
Chemicals and Enzymes
[g-33 P]ATP (10 mCi/mL; 3,000 Ci/mmol), [b-33 P]ATP (10 mCi/mL; 800 Ci/ mmol), and [ 32 P]phosphoric acid (54 mCi/mL, carrier free) were all purchased from Hartmann Analytic (Braunschweig, Germany). Glc-3-P was synthesized as described elsewhere (Ritte et al., 2002) .
Preparation of Leaf Starch Granules
Leaves (10-30 g) were frozen in liquid nitrogen and homogenized in a mortar. For the analysis of granule-bound proteins in vivo, starch was extracted as described (Ritte et al., 2000a) . For structural analysis of starch and for isolation of starch granules serving as raw material for binding or activity assays, the above method was modified as follows. The extraction buffer consisted of 20 mM HEPES-KOH, pH 8.0, 0.2 mM EDTA, 0.5% (w/v) Triton X-100. Following passage through a Percoll cushion (Ritte et al., 2000a) , the starch pellet was washed once in extraction buffer. Proteins bound to the starch granule surface were then removed by incubation with 0.5% (w/v) SDS on a rotating wheel (approximately 10 mL SDS-solution/mg starch, 3 3 15 min, room temperature [RT]). Subsequently SDS was removed by washing the granules three times (15 min each) in 50 mM HEPES-KOH, pH 7.2, and once in water. Starch granules were either used immediately or dried under vacuum and stored at 220°C.
Radioactive Starch Phosphorylation Assay
Five milligrams starch were resuspended in 50 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 6 mM MgCl 2 , 0.025% Triton X-100, and radiolabeled ATP as indicated in a total volume of 0.5 mL if not otherwise stated. Ritte et al. (2004) and is predominantly labeled at the b-position (Ritte et al., 2003) . Reactions were started by addition of protein. The samples were agitated on a rotating wheel at RT for the times indicated, and the reaction was terminated by adding SDS (final concentration, 2%). The starch was washed two times in water and at least four times in 2 mM ATP as described (Ritte et al., 2004) . Subsequently, the granules were resuspended in 0.1 mL water, mixed with 3 mL scintillation fluid, and the radioactivity was counted.
In Vitro Phosphorylation of Leaf Starch Granules by Recombinant GWD
Unless otherwise stated, dried Arabidopsis sex1-3 leaf starch granules were resuspended in 50 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 6 mM MgCl 2 , 0.5 mM ATP, and purified recombinant potato (Solanum tuberosum) GWD (Ritte et al., 2002) was added to give final concentrations of 10 mg starch/mL buffer and 0.25 mg GWD/mg starch. Following incubation overnight on a rotating wheel, the reaction was stopped by adding SDS (final concentration, 2%). Removal of recombinant protein and washing of starch was done as described above (starch granule preparation). The amount of phosphate incorporated was estimated in parallel samples in which, however, [bg-33 P]ATP (0.5-1 mCi) was included under otherwise identical conditions. In the [bg-33 P]ATP preparation, $80% of the label is normally present in the b-position (Ritte et al., 2003) . Estimations were done as if 100% of the label were present in the b-position. Thus, the indicated phosphate incorporation is slightly underestimated.
Protein Extraction
Arabidopsis leaves were harvested and immediately frozen in liquid nitrogen. Leaves were ground in a mortar, and 3 to 4 volumes (v/w) binding buffer (50 mM HEPES-KOH, pH 7.2, 1 mM EDTA, 2 mM dithioerythritol, 2 mM benzamidine, 2 mM e-aminocaproic acid, 0.5 mM phenylmethylsulfonylfluoride, 0.02% Triton X-100) were added (4°C). All following steps were carried out at 4°C. Plant material was additionally homogenized in an Ultraturrax (2 3 10 s, maximum speed), passed through a 100-mm nylon mesh, and centrifuged for 20 min (20,000g). Proteins were precipitated by adding ammonium sulfate (75% saturation). Following centrifugation, the precipitate was resolved in binding buffer and desalted using Sephadex G25 (Amersham Bioscience, Freiburg, Germany).
In Vitro Binding Assay
Both in vitro-phosphorylated and nonphosphorylated sex1-3 leaf starch granules (50 mg each) were hydrated in binding buffer and were then mixed with freshly prepared Arabidopsis protein extract (total volume 0.8 mL, 4-10 mg protein mL 21 ). Following incubation for 15 min at 4°C, unbound proteins were removed by centrifugation through a 4-mL Percoll-cushion (see above). The pelleted starch was washed in binding buffer (2 3 5 min, 4°C gation (5 min, 20,000g), the supernatant was transferred to a new tube and incubated at 95°C for 5 min. Equal amounts of both samples were separated by SDS-PAGE (9% acrylamide in the separation gel). Gels were stained with colloidal Coomassie Blue (Roth, Karlsruhe, Germany), and protein bands were cut out and subjected to tryptic digestion and matrix-assisted laserdesorption ionization mass spectrometry analysis as described (Ritte et al., 2000b) .
Antibodies
Antibodies were raised in rabbits. A polyclonal antibody against the purified recombinant OK1 (PWD) was produced by Eurogentec (Seraing, Belgium). For AGPase detection, an antibody raised against recombinant potato AGPase (Tiessen et al., 2002) was used. The PEPCase antibody was raised against the purified sorghum (Sorghum vulgare) enzyme (Vidal et al., 1983) . The GWD antibody was raised against the purified protein from potato (Ritte et al., 2000a) .
Analysis of Protoplast and Chloroplast Extracts
Chloroplasts were isolated from Arabidopsis protoplasts using a protocol adapted from Kunst (1998) . The healthy green leaves of two mature Arabidopsis plants (approximately 4 g fresh weight) were harvested at the end of the dark period. Leaves were cut into 1-mm slices and the slices were washed for 5 min with 20 mL protoplast isolation buffer (PIB; 0.5 M sorbitol, 1 mM CaCl 2 , 10 mM MES-KOH, pH 6.0). Cell wall digestion was done in 10 mL PIB containing degrading enzymes (100 mg cellulase Onozuka, 25 mg macerozyme Onozuka) and 100 mg polyviniylpolypyrrolidone. The slices were vacuum infiltrated and incubated without shaking at RT for 3 h. The solution was then poured over a common kitchen sieve and the digested leaf material was carefully washed drop-wise with 30 mL PIB to release the protoplasts. The protoplast suspension was passed through a nylon net with 100-mm mesh width and was then centrifuged for 5 min at 40g using a swing-out rotor at 4°C. The supernatant was removed with a pipette and the protoplasts were carefully resuspended in 5 mL protoplast lysis buffer (PLB; 0.4 M sorbitol, 10 mM NaHCO 3 , 10 mM EDTA, 20 mM Tricine-KOH, pH 8.0).
For chloroplast isolation, 25 mL PLB were added to the protoplast suspension, which was hand shaken vigorously for 1 min and then passed through a nylon net with 30-mm mesh width to rupture the protoplasts. The suspension was then centrifuged at 400g for 2 min at 4°C and the supernatant was removed. The chloroplast pellet was carefully resuspended in 4 mL PLB. As judged by microscopic inspection, the chloroplasts were highly intact.
Three volumes of protoplast or chloroplast suspension were mixed with 1 volume of 4-fold concentrated SDS-sample buffer. Equal amounts of proteins extracted from protoplasts or chloroplasts, respectively, and M r marker proteins were separated by SDS-PAGE (10% polyacrylamide). Western blots were performed essentially as described by Tiessen et al. (2002) .
Cloning of the OK1 (PWD) cDNA RNA was isolated from leaves of Arabidopsis wild type (ecotype Columbia) according to Logemann et al. (1987) and cDNA was prepared with the SuperScript one-step RT-PCR system (Invitrogen) using OK1rev1 primer (5#-GACTCAACCACATAACACACAAAGATC-3#). The complete OK1 coding sequence including 22 bp upstream of ATG and 69 bp downstream of TAG was amplified in a PCR reaction with the cDNA as template, the primers OK1fwd2 (5#-ATCTCTTATCACACCACCTCCAATG-3#) and OK1-rev2 (5#-TGGTAACGAGGCAAATGCAGA-3#), using the Expand High Fidelity PCR System (Roche, Mannheim, Germany). The PCR product was subcloned into a pGEM-T cloning vector (Promega, Mannheim, Germany). Sequencing of OK1pGEM-T-1 revealed an Escherichia coli insertion sequence (IS1) at 540 bp. Another PCR was done and a second clone (OK1pGEM-T-2) was sequenced and revealed four base substitutions compared with the published genomic sequence of At5g26570 resulting in one amino acid substitution (L854/R). A 1,081-bp EcoRI/BamHI fragment from OK1p-GEM-T-2 was replaced by the corresponding EcoRI/BamHI fragment from OK1pGEM-T-1. Sequencing of the resulting OK1pGEM-T revealed two remaining base substitutions (G208/A; C1116/G) but no amino acid replacement.
Cloning of the OK1 (PWD) Expression Vector
The expression vector containing the OK1 coding sequence was constructed by means of the GATEWAY technology (Invitrogen) according to the manufacturer's protocols. The attB recombination sites were added to the OK1 cDNA in a PCR with OK1pGEM-T as template and the primers OK1EntryB1 (5#-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGAGAG-CATTGGCAGCCATTG-3#) and OK1EntryB2 (5#-GGGGACCACTTTGTA-CAAGAAAGCTGGGTCTACAGAGGTTGTGGCCTTGAC-3#), using the Expand High Fidelity PCR System (Roche). The Entry Clone OK1pSPECTRE was obtained via the BP reaction with OK1attB PCR product and the Entry Clone vector pSPECTRE, which was derived from pDONR201 (Invitrogen) by replacing the PvuI/NruI fragment of the kanamycin resistance gene by the spectinomycin resistance gene. The OK1pDEST17 expression vector was created in the LR reaction with OK1pSPECTRE and pDEST17 (Invitrogen). Sequencing of OK1pDEST17 revealed a base transposition leading to an amino acid substitution (D143/N) in the recombinant protein.
Purification of Recombinant OK1 (PWD)
E. coli BL21 Star (DE3; Invitrogen) cells were transformed with the OK1pDEST17 plasmid and incubated in 1L TB medium containing 100 mg/ mL ampicillin overnight (30°C, 250 rpm). Expression of the OK1 protein was induced by adding isopropylthio-b-galactoside to a final concentration of 1 mM at an OD 600 of approximately 0.8. Cells were harvested at an OD 600 of approximately 1.6 by centrifugation and stored at 280°C until use. For purification of recombinant OK1 protein cells were resuspended (0.25 g/mL) in lysis buffer (50 mM HEPES, pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mg/ mL lysozyme; 1 tablet/40 mL Complete EDTA free protease inhibitors, Roche), incubated for 30 min on ice, and additionally lysed by sonification. Cell debris was removed by centrifugation and the supernatant was passed through a 0.45-mm filter. Purification of the recombinant protein was achieved using a column with 1 mL Ni-NTA agarose resin (Qiagen, Hilden, Germany). After washing with 8 mL lysis buffer, recombinant protein bound to Ni-NTA agarose was eluted with elution buffers as follows: 2 3 1 mL E1, 1 mL E2, 3 3 1 mL E3 (50 mM HEPES, pH 8.0; 300 mM NaCl; 50, 75, 250 mM imidazole for E1, E2, and E3, respectively). Fractions with adequate amount and purity of recombinant OK1 protein were pooled and concentrated by ultrafiltration (Diaflo PM30, Amicon, Millipore, Bedford, MA). The buffer in the OK1 preparation was changed using a HiTrap-Desalting column (Amersham) equilibrated with 50 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 1 mM DTE. Aliquots were stored at 280°C until use.
RNAi Plants
The RNAi construct for silencing of the OK1 (PWD) gene was established by cloning a pair of short PCR-amplified OK1 cDNA fragments in opposite orientation into pHannibal (Wesley et al., 2001 ). The two 302-bp fragments, representing the region 2,153 to 2,454 of the complete OK1 cDNA, were obtained from PCR reactions with two primer pairs: (1) OK1-R1a-fw (5#-TCCGATGGATCCAGCAACTTCTGGTGGTCCTAT-3#) and OK1-R1a-re (5#-TTGCGCATCGATGGTCGCACTGGATTTGGAAG-3#); and (2) OK1-R1b-fw (5#-TCCGATCTCGAGACTAGTCCAGCAACTTCTGGTGGTCCT-3#) and OK1-R1b-re (5#-TTGCGCGGTACCGGTCGCACTGGATTTGGAA-3#). Appropriate restriction enzyme sites linked to the primers permitted subsequent two-step cloning of the PCR products in opposite directions into pHannibal. After digestion of the resulting vector with NotI restriction enzyme, the RNAi constructs were ligated into the NotI restriction site of the binary vector pART27 (Gleave, 1992) giving OK1-R1-pART27.
Arabidopsis plants were transformed by the dipping method of Clough and Bent (1998). Fifteen kanamycin resistant T 1 RNAi plants were analyzed by western blot for reduction of OK1 protein levels. All RNAi plants showed drastically reduced levels of OK1 protein compared with the wild type. Seeds were harvested and further analysis on starch content was done with five lines of the T 2 progeny.
Autocatalytic Phosphorylation
In vitro phosphorylation of PWD (OK1) was analyzed essentially as described for GWD (Ritte et al., 2002) .
